Staphylococcal γ-hemolysin is a bi-component pore-forming toxin composed of LukF and Hlg2. These proteins are expressed as water-soluble monomers and then assemble into the oligomeric pore form on the target cell. Here, we report the crystal structure of the octameric pore form of γ-hemolysin at 2.5 Å resolution, which is the first high-resolution structure of a β-barrel transmembrane protein composed of two proteins reported to date. The octameric assembly consists of four molecules of LukF and Hlg2 located alternately in a circular pattern, which explains the biochemical data accumulated over the past two decades. The structure, in combination with the monomeric forms, demonstrates the elaborate molecular machinery involved in pore formation by two different molecules, in which inter-protomer electrostatic interactions using loops connecting β2 and β3 (loop A: Asp43-Lys48 of LukF and Lys37-Lys43 of Hlg2) play pivotal roles as the structural determinants for assembly through unwinding of the N-terminal β-strands (amino-latch) of the adjacent protomer, releasing the transmembrane stem domain folded into a β-sheet in the monomer (pre-stem), and interaction with the adjacent protomer.
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INTRODUCTION
Pathogenic bacteria secrete various virulence factors to attack host cells. The pore-forming toxins (PFTs) are among the most sophisticated virulence factors, and are expressed as water-soluble monomeric proteins that assemble on the membranes of the target cells to form bilayer-spanning pores (1) . With the appearance of the pore on the membrane, the cells are killed through leakage. It is interesting to note that PFTs are expressed not only by bacteria but also by eukaryotes, such as the immune proteins perforin and complement C9, suggesting the universality of these molecules in a wide range of organisms (2) . PFTs can be classified into two families according to the secondary structure of the transmembrane region in the pore structure, i.e., α-helical PFT (α-PFT) and β-barrel PFT (β-PFTs) (3, 4) . Staphylococcus aureus, a ubiquitous and pernicious human pathogen, secretes several β-PFTs including αHL, γ-hemolysin (γHL), leukocidin (LUK), and Panton-Valentine leukocidin (PVL) (5) . αHL consists of a single polypeptide, whereas the others are bi-component β-PFTs that require the synergistic association of a class F component and a class S component. γHL, LUK, and PVL are composed of LukF and Hlg2, LukF and LukS, and LukF-PV and LukS-PV, as class F and S components, respectively. The components of bi-component β-PFTs are similar to each other and to αHL in amino acid sequence: within a class, S and F proteins are ~70% identical, while between classes the identity drops to ~30%. Class F proteins are more closely related to αHL (~30%) than class S proteins (~20%) (5, 6) . Extensive experiments have been carried out for more than two decades, and have suggested that the pore formation mechanism of bi-component toxins is as follows (7, 8) . The soluble forms of F and S components bind sequentially to the target cells and form a heterodimer (9, 10) . Each heterodimer assembles into an oligomer on the target cell to form a ring-shaped particle called a pre-pore, in which the β-barrel pore is not yet formed (11 -14) . After forming a stable pre-pore, the β-barrel pore is formed. Pore formation requires the binding of phosphatidylcholine (PC) head groups to a cleft in the LukF component surrounded by Trp177 and Arg198 (Trp176 and Arg197 of LukF-PV) (13, 15, 16) . The crystal structures of the monomeric forms of bi-component β-PFTs, i.e., LukF (15) , LukF-PV (17) , and LukS-PV (18) , have been determined. However, the structures of the pore forms have not been reported at atomic resolution, which has hindered detailed discussion of the complicated molecular mechanism of action of bi-component pore-forming toxins. Although bi-component PFTs are found in several species, such as the edible mushroom Pleurotus ostreatus (19) , the structures of these pores have not been reported. One of the most important issues for staphylococcal bi-component PFTs is the stoichiometry of the class F and S components. Electron microscopy and cross-linking experiments of purified γHL pores on human erythrocyte membranes demonstrated the existence of a heptamer with a 3:4 or 4:3 molar ratio of F to S components (20, 21) , whereas biochemical analyses of pores of engineered covalent γHL heterodimers on erythrocytes and leukocytes suggested octameric stoichiometry (22) . Several reports using LUK pores formed on rabbit erythrocytes also demonstrated the existence of an octamer consisting of 4-plus-4 subunits (23 -25) . However, hexamer was also proposed based on structure modeling using monomeric structures of PVL (17) and electron microscopy of LUK pores on leukocytes and erythrocytes (26) . It is also important to determine the significance of using two components. Although a role was proposed for the F component in initiating the pore formation process (27) , that of the S component remains unclear.
In the present study, we determined the crystal structure of the pore form of bi-component β-PFT, γHL. This is the first report of the crystal structure of a heterocomponent β-barrel-type transmembrane protein. This is also the first bi-component β-PFT of which both monomerand pore-form structures have been determined by X-ray crystallography, which allowed us to discuss the pore formation mechanism based on their real structures at atomic resolution. Based on the structural differences between pore and monomer forms in combination with biological data accumulated over the past two decades, we propose a mechanism of pore formation by β-PFTs along with the roles of each component. The electrochemical properties of the pore are also discussed from a structural viewpoint.
RESULTS
Molecular architecture of γHL pore-Recently, we found that monomeric αHL in the presence of 2-methyl-2,4-pentanediol (MPD) can spontaneously form a pore structure identical to that in the biological membrane (28) . We applied this method to prepare crystals of γHL pores. Purified monomeric soluble LukF and Hlg2 formed SDS-resistant oligomers in the presence of 20% MPD, suggesting that MPD can induce pore formation of γHL (Fig. S1) . Fortunately, crystals were grown from a buffer containing 50% MPD, and the structure was determined by the molecular replacement method at a resolution of 2.5 Å. The revealed structure was an octameric pore form consisting of 4 molecules of each of LukF and Hlg2 (Fig. 1A) . Each component was located alternately in a circular pattern along a non-crystallographic fourfold axis. The height and diameter of the octameric structure were 93 Å and 114 Å, respectively. In analogy to the heptameric structure of αHL (29, 30) , the protomer was composed of cap, rim, and stem domains (Fig. 1B) . The cap domain interacts with those of adjacent protomers, and the rim domain is located beneath the cap domain. The height of the ellipsoidal aqueous domain composed of cap and rim domains was approximately 70 Å. The protruding stem domains formed a transmembrane β-barrel 25 Å in diameter and 47 Å in height (measured from Cα positions), composed of 16 antiparallel β-strands from 8 protomers (four protomers from each of LukF and LukS). The N-terminal amino-latches, which participate in the inter-protomer interaction in the heptameric pore structure of αHL (28 -30), were disordered. MPD molecules were bound at the base of the rim domain of four LukF protomers, and recognized by Trp177 and Arg198, which participate in recognition of the lipid head group in the structure of monomeric LukF (15) (Fig. 1C) . In heptameric αHL, the lipid head group and/or MPD were captured by their corresponding residues (28 -30) . In contrast, no significant electron density was observed at the same region of Hlg2. An aromatic residue layer, which is commonly observed in transmembrane β-barrel proteins near the lipid/solvent interface (31, 32) , was formed by Tyr117, Phe119, and Phe139 of LukF and Tyr111, Phe129, and Tyr131 of Hlg2 (Fig. 1A) . MPD molecules were located close to the aromatic layer, which defines the position of the surface of membrane bound to the toxin pore. The diameter and height of the octameric pore γHL are 14 Å larger and 4 Å shorter than those of heptameric αHL (100 Å in diameter and 97 Å in height), respectively, and 21 Å and 47 Å shorter, respectively, compared to those of the cytolysin from Vibrio cholerae (VCC) (135 Å in diameter and 140 Å in height) (32) , which is a heptameric β-PFT (Fig. S2) . The shape of the inner hole of γHL flared out into both sides, and did not have deep constriction at the top of the β-barrel as observed for αHL and VCC, although Lys108 and Gln118 of Hlg2 formed a shallow constriction at the middle (Fig. S2 ). The vestibule formed by the cap domains is also wider than in other molecules, which is due to the absence of the amino-latch and the abundance of protomers.
Inter-protomer interactions-There are two types of interface between protomers in the γHL octamer ( Fig. 1A) , i.e., the interface between the left side of LukF and the right side of Hlg2 (hereafter, interface 1), and that between the right side of LukF and the left side of Hlg2 (interface 2). The buried surface areas at interfaces 1 and 2 were calculated as approximately 1148 Å 2 and 963 Å 2 , respectively. Interactions between the cap domains made predominant contributions in both interfaces, in which more than 160 atoms from each protomer were involved (Table S1 ). In interface 1, an inter-protomer electrostatic interaction cluster, was observed between a loop connecting β2 and β3 of LukF (Asp43-Lys48, referred to as loop A below) and β1 of Hlg2, to which Asp44 and Asp48 of LukF and Lys15 and Arg16 of Hlg2 contributed ( Fig. 2A) . In a similar region of interface 2, Asp38 located in loop A of Hlg2 (Lys37-Lys43) formed an electrostatic interaction with Lys21 in β1 of LukF ( Fig. 2A) , suggesting that the electrostatic interaction using loop A is conserved in both interfaces. Moreover, there was an additional ionic interaction between Arg219 of LukF and Glu145 of Hlg2 at interface 2 ( Fig. 2B ). Around the corresponding region of interface 1, Arg151 of LukF and Asp194 of Hlg2 came into close apposition (distance between Cα atoms: 10.4 Å), although they did not form electrostatic interactions (Fig. 2B ). The stem region was composed of an inter-protomer antiparallel β-barrel, in which 34 inter-protomer hydrogen bonds were formed (Fig. 3C) . The upper ends of the inter-protomer β-sheets were stabilized by two ion pairs between Glu108 (LukF) and Lys140 (Hlg2), and Lys146 (LukF) and Asp104 (Hlg2) (Fig. 2C) . As Lys140 and Asp140 of Hlg2 are substituted in Gln and Asn in LukS and LukS-PV, these inter-protomer ion pairs would be a characteristic of γHL.
Structure comparison of protomers in pore-form with monomeric components-In both LukF
and Hlg2, the stem domain, which was folded into a 3-stranded antiparallel β-sheet as the pre-stem in the monomer (15) , (33) , protruded outward to form a transmembrane β-barrel in the octamer (Fig. 1B, 3C ). Two β-strands and their connecting loop of the pre-stem transformed into a β-strand heading toward the bottom of the β-barrel, and a β-strand and the following long loop (which was disordered in LukF monomer) changed into β-strands heading back toward the rim domain (Fig. 3C) . Through this process, all 12 hydrogen bonds formed between β-strands in the pre-stem were disrupted, and instead 18 and 34 new hydrogen bonds were formed within and between protomers, respectively. Interestingly, the carbonyl-and amino-groups that formed hydrogen bonds between the first and third β-strands of the pre-stem faced outside of the stem in the octamer, and formed hydrogen bonds with the adjacent protomers. Although the first and second β-strands formed an antiparallel β-sheet in the pre-stem, they turned toward the same direction and formed one β-strand after transformation. These observations suggested that the secondary structure of the stem region is transiently completely disrupted, and reoriented as a β-barrel with formation of inter-protomer interactions. In addition to the stem domain, three loops located at the top of the cap domain-hereafter, loops A (Asp43-Lys48 (LukF) and Lys37-Lys43 (Hlg2)), B (Ser88-Ser93 (LukF) and Thr84-Asn88 (Hlg2)), and C (Arg232-Lys237 (LukF) and Glu216-Asp221 (Hlg2)), respectively-showed significant conformational changes in both LukF and Hlg2 (Fig. 3A  and B) . Loop A formed inter-protomer electrostatic interactions with the β-1 strand of the adjacent molecule in both interfaces of the octamer ( Fig. 2A) , whereas no direct inter-protomer interactions by loops B and C were observed. In the monomer, loop A captures the folded pre-stem (Fig. 1B, 3A and B) . The conformational change of loop A upon oligomer formation is likely to induce structural perturbation of other loops. The core of the cap and rim domains was well superposed between monomer and protomer (r.m.s.d. 1.13 Å and 1.18 Å for LukF (220 Cα atoms) and Hlg2 (243 Cα atoms), respectively), suggesting that these two domains are rigid and that their relative orientation does not change upon octamer assembly. The loops in the rim domain disordered in the Hlg2 monomer (33), i.e., Asn167-Gly168, Arg242-His243, and Lys64-Tyr68, were clearly observed in the octamer. Asn167-Gly168 was stabilized by interaction with the β-barrel, whereas the other two showed no significant interactions (Fig. 3B ).
DISCUSSION
Assembly mechanism-Pore formation is initiated by the binding of LukF onto the cell surface, followed by heterodimer formation (10, 34) . LukF has two possible interfaces, and it was unclear which interface has priority in heterodimer formation with Hlg2. Our previous study indicated that a heterodimer with shorter distance between Ser45 (LukF) and Lys222 (Hlg2) acts as a structural unit for oligomerization (34) . The distance between these residues through interface 1 was approximately 21 Å, whereas that with interface 2 was 43 Å (Fig.  S3A) , indicating that the heterodimer interacting with interface 1 must be formed first, followed by assembly into an octamer. This was supported by the difference in the buried surface area at interfaces 1 and 2 (1148 Å 2 and 963 Å 2 , respectively). This is also consistent with the report by Joubert et al. that artificial heterodimers covalently linked by genetically introduced cysteines at Thr28 (Hlg2) and Asn157 (LukF), and/or Thr21 (Hlg2) and Thr158 (LukF), efficiently formed pores (22) . In the revealed octameric structure, residues in each pair are located close to each other at interface 1 (Cβ atoms are within 11 Å) (Fig. S3B) . Tyr72, Trp257, Phe260, and Tyr261 of LukF are necessary for stable binding to human erythrocytes (13, 27, 35) . All of these residues are located at the bottom of the rim domain in the octameric pore structure. Moreover, the MPD binding residues, Trp177 and Arg198, are located above these residues (Fig. S3C ). Although these residues are thought to make contact with the cell surface, the vertical interval between Cα atoms of the bottommost and topmost residues (Phe260 and Trp177, respectively) was 14 Å. This suggested that monomeric LukF binds to the cell surface at an angle with respect to the molecular axis bringing the side chains into contact with the cell surface. Assuming this binding, interface 1 is exposed to the solvent, and consequently, Hlg2 would bind preferentially to LukF with this interface (Fig. 4-1) . For the tetrameric assembly, the inclined orientation of the LukF-Hlg2 heterodimer must change to expose interface 2 for the interaction with other dimer molecules. The interaction of Hlg2 with its ligand(s) located at the surface of the membrane, reported to be proteinaceous components (36) , would induce reorientation of the heterodimer. Based on these observations, the following processes were proposed to occur at the initial step of pore formation: (i) LukF first binds at the cell surface with exposure of interface 1; (ii) LukF is bound by Hlg2 through the exposed interface 1; (iii) the binding of Hlg2 with its receptor then induces reorientation of the heterodimer to expose interface 2; followed by (iv) assembling into tetramer, hexamer, and octamer (Fig. 4) .
Function of the N-terminal region and loop A in inter-protomer interaction-
In the octameric pore structure, the amino-latches of both LukF and Hlg2 were disordered, although that of αHL contributed strongly to inter-protomer interactions in the heptameric pore structure, implying that the amino-latches do not contribute to stabilization of octameric assembly. This is consistent with our previous report and that of Miles et al. indicating that the amino-latches of bi-component β-PFTs are not essential for their hemolytic activity (37, 38) . Surprisingly, the essential residues coincided with those that formed interactions with loop A (Fig. 2A) . In both LukF and Hlg2, loop A was located alongside the essential N-terminal region of the adjacent protomer, and made electrostatic interactions. These observations indicated a pivotal role of loop A in the inter-protomer interaction. In the monomeric state, loop A made interactions with the pre-stem region, whereas it interacted with the adjacent protomer in the pore structure. These observations indicated that two events, i.e., release of the pre-stem and formation of the interaction with the adjacent protomer, occur on loop A upon oligomerization. Loop A would act as a clamp for the folded pre-stem in the monomer, but act as an adhesive material between protomers after releasing the pre-stem. A similar function was recently also proposed for the corresponding loop in VCC (32) .
A model of the pre-pore state-The heterodimer is known to assemble into a ring-shaped nonlytic oligomeric intermediate called a pre-pore before formation of the pore (11 -13) . Formation of the pre-pore was first identified for staphylococcal αHL (39 -42), and is now recognized as the general mechanism adopted by a wide variety of PFTs (43). A structure model of the pre-pore state oligomer was constructed by superposing monomeric LukF and LukS-PV onto the octamer. The pre-stems were packed inside the ring composed of the cap domains, and the amino-latches were located at the interface of protomers (Fig. S4A) . Several steric constraints were observed at the molecular interfaces, which were mainly due to the pre-stem and amino-latch regions (Fig. S4B) . Around the top of interface 1, significant steric restraints were observed among loop A and the pre-stem of LukF, and the amino-latch and cap domain of LukS-PV. Similar steric restraints were also observed at interface 2. Considering the rigidity of the cap domains, the conformational change in the amino-latch and pre-stem must occur upon oligomer formation. The amino-latch may regulate assembly by steric restraint in a similar manner to the pro-domain of VCC, which hinders the inter-protomer surface and proteolytic removal of the domain initiates pore formation (32) . A conformational change in the amino-latch was reported to precede those in the pre-stem and pre-pore formation (11) . Therefore, the release of the amino-latch from the cap domain would occur first in protomer assembly. As the amino-latch showed steric conflict with loop A in both interfaces, loop A is likely to cause the conformation change of the amino-latch. We demonstrated previously that the conformation change of the pre-stem from a rigid to a flexible structure is essential for pre-pore formation (11) . The transition of the pre-stem would be coupled with pre-pore formation, to which inter-protomer electrostatic interaction of loop A makes a strong contribution. Taken together, we propose the following dynamics upon oligomerization: (i) the conformation change of the amino-latch is induced with the aid of loop A upon heterodimer formation; (ii) then each heterodimer assembles into a pre-pore with formation of electrostatic interactions between loop A and β1; (iii) this causes a conformation change and releases the pre-stem (Fig. 4) .
A model of transition from pre-pore to pore-The MPD molecule added to induce pore formation was bound between Trp177 and Arg198 of LukF, which is known to be a lipid head group binding site. We demonstrated previously that binding of the lipid head group with these residues governs β-barrel formation (13) , which is strongly supported by the lack of an MPD molecule in Hlg2 in the octameric structure. In contrast, the crystal structure of monomeric LukF showed that LukF exists as a monomer even if the lipid head group is captured at that site (15) . These observations indicate that both oligomerization and capture of the lipid head group are necessary for β-barrel formation. Structure comparison of stem regions between protomer and monomer clearly showed that its secondary structure is transiently disrupted upon β-barrel formation, strongly supporting the sliding model proposed by Viero et al. in which β-strands of the pre-stem are proposed to open as a zip and slide downwards (44). As described above, it is plausible that the pre-stem is partially unfolded when the pre-pore is formed. The W177T/R198T mutant can form the pre-pore but cannot penetrate the partially unfolded stem into the membrane to form a pore (13) . Binding of the lipid head group may accelerate sliding of the unfolded pre-stem into the membrane using a mechanism similar to an allosteric effect.
Relationship to the reported hexameric and heptameric structure-With the aid of MPD, octameric pores were formed spontaneously, indicating that the octamer is the most stable oligomeric form of γHL. This agreed well with several previous reports showing that the pore of bi-component β-PFTs prepared on cells consisted of four molecules of each of the F and S components (22 -25) . In contrast, several reports indicated that γHL pores formed on the erythrocyte membrane are mainly composed of six (17, 26) or seven protomers (12, 20, 34) . However, there is considerable steric constraint in the heptameric γHL model constructed by superposing individual protomers onto heptameric αHL. Moreover, electrostatic repulsion by the residues forming inter-protomer ion pairs in the octamer (Fig. 2B) was observed in the homodimer interface formed when heptameric assembly was constructed by two components. These observations indicated that each protomer does not make a tight heptameric assembly as observed for αHL. Based on the results of imaging analysis, we recently reported that seven protomers in heptameric γHL lay asymmetrically (21) . The observed heptameric or hexameric pore of γHL may have been a pore in which one or two protomer(s) were absent from the stable octamer.
Structural explanation of the characteristics of the pore-The pore of γHL has a flared structure in comparison to αHL and VCC (Fig. S2) , which is consistent with the conductance of γHL (115 ± 15 pS) higher than that of αHL (92 ± 12 pS) (45). The wider vestibule space may also contribute to the higher conductance. Substitution of Lys108 of Hlg2, which formed shallow constriction at the middle of the transmembrane β-barrel, by Thr was reported to cause a significant increase in the conductance (up to 170 ± 12 pS) and more cationic selectivity (45). This may indicate that constriction with an electric charge significantly influenced both conductance and ion selectivity, even if the constriction was shallow. Recently, a pore of αHL was developed as a nano device for applications such as DNA sequencing using its electrochemical properties (46, 47). Bi-component pores have significant benefits for application as tools in biotechnology, as the two components can be engineered independently. The crystal structure of the octameric pore of γHL will facilitate future developments in both bioengineering and fundamental scientific research.
METHODS
Preparation of LukF and Hlg2-LukF and Hlg2 were overexpressed in the pET E. coli expression system, and purified as a monomeric protein from the soluble fraction by passage through a Ni sepharose 6 Fast Flow column (GE Healthcare Biosciences AB, Uppsala, Sweden) and HiLoad 26/60 Superdex 200-pg column (GE Healthcare Biosciences AB). Full details of the experimental procedures are presented in the SI Appendix. Crystallization and X-ray diffraction data collection-Crystals of octameric pore γ-hemolysin were grown from a solution containing 0.1 M sodium acetate (pH 4.6), 0.5 M ammonium acetate, and 50% (v/v) MPD. X-ray diffraction experiments were performed on the beamline BL41XU at SPring-8 (Harima, Japan). The structure of γ-hemolysin was determined by the molecular replacement method. The refinement statistics are summarized in Table S2 . The details of the structure determination procedures are presented in the SI Appendix.
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Bayley The heterodimer assembles into a pre-pore. Upon octameric assembly, the long amino-latch of LukF (yellow in (3)) is released from the cap domain. The electrostatic interactions between loop A and β-1 are formed completely in both interfaces, which induces a conformation change of the pre-stem into the partially unfolded state and release of the pre-stem from the cap domain (green loops). (5) Octameric pore formation. The pre-stem completely unfolds and all hydrogen bonds are disrupted. Unfolded pre-pore penetrates into the membrane and forms a transmembrane β-barrel (green cartoon). LukF LukF
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